The aberrations of astronomical telescopes are considered in terms of Seidel aberration theory, which explains why the field aberrations that limit the performance of existing large telescopes are of quite different form from those of the very large telescopes of apertures 8 m and larger now being developed, and how and why quite different forms of field correctors will be required. An example is given of the design and performance of such a corrector.
INTRODUCTION
Several very large telescopes (VLTs) of apertures 8 m or larger are at present being planned and built, and one, the Keck 10-m telescope, is already in operation, and its range of instruments is being extended. Most of these have characteristics, deriving from their size, that in combination tend to limit their use.
(i) They all have a primary mirror working at a much faster focal ratio than has been used in the largest telescopes heretofore: [11.75 for the Keck; [11.8 for the four ESO 8-m telescopes, and for the two Gemini 8-m and the 8.2-m Japanese Subaru telescopes.
(ii) None of these telescopes is planned to provide an accessible prime focal station (probably mainly to reduce telescope length and hence cost), and the sole or the main focal station operates at a slower focal ratio than has been common practice. Thus the Keck focal ratios are [I1.75 :[115, the ESO and Gemini ones are [11.8 :[/16 , and the Subaru ones are [11.9 :[112. These characteristics combine to make the telephoto ratio of the system (the ratio of the secondary and the primary focal ratios) much larger than in earlier practice, and this has a considerable effect on the intrinsic aberrations of the telescope. If, as will probably be the case for all these VLTs, the two mirrors are given the approximate hyperboloidal shape to constitute a Ritchey-Chretien system, then the images at the focus will be free from spherical aberration and coma, but, compared with existing telescopes, the astigmatism and particularly the field curvature will be very large indeed, with a consequent reduction of the field angle of good imagery. Wynne (1994) has illustrated the size of this effect for the Gemini telescopes.
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CORRECTION OF FIELD CURVATURE IN VERY LARGE TELESCOPES
Seidel theory, which deals with the first-order monochromatic aberrations of axially symmetric systems, gives a description of the imagery of astronomical telescopes that is adequate for most purposes, and it provides a rationale for discussion of aberration correction. The theory shows that symmetry limits the types of aberration that can occur to five, of which only four are normally relevant to astronomical instruments. The size of each type can be evaluated rather simply, surface by surface, the aberrations of a system being the sum of the surface terms. Defining the aberrations as the departure from sphericity of converging wavefronts in the image space, the relevant aberrations are the following.
(1) Spherical aberration (SI)' the only axial one, the size of which varies as the fourth power of the numerical aperture. Its value at a mirror depends on the conjugates at which the mirror is working, the axial curvature of the mirror and any fourth-power departure from sphericity.
(2) The second is coma (Sn), the size of which varies as the cube of the numerical aperture, and linearly with field angle. Its value depends again on the conjugates at which the mirror is working, the mirror curvature and any fourthpower departure from sphericity, and also on the distance from the surface to the aperture stop of the system. In general, any two-mirror system can be corrected for SI and Sn by a choice of the asphericities of the mirrors.
(3) The two remaining types, field curvature and astigmatism, vary quadratically in aperture field angle. These aberrations can also be described as sagittal and tangential field curvature. They are expressed in terms of two coefficients, SIll and P, the corresponding sagittal and tangential field curvatures being given by (S", + P) sin 2 e and (3S", + P) cos 2 e, where e is the azimuth angle from the radial. The wavefront aberrations depend on the square of the numerical aperture and the field angle. SIll depends on the mirror conjugates, the curvature and asphericities and the stop position. P, known as the Petzval curvature, differs from the . others in being simply equal to twice the mirror curvature.
It is the inherently large value of P that determines the very small useful field of large VLTs with high telephoto ratios, and that makes the problem of field correction materially different from that of correctors for earlier telescopes.
Once the focal ratios of the prime and secondary focus have been chosen to provide a useful and affordable VLT, there is no degree of freedom available materially to reduce r.P for the mirror pair. There remains the possibility of enlarging the field by a lenticular corrector. It is the purpose of this paper to explore this.
Lenticular field correctors can usefully be considered using Seidel theory. This can be applied, surface by surface, to any axisymmetric system, but a simpler and more transparent formulation results if all the lenses are assumed to be thin, which is approximately the case for field correctors in existing telescopes. A convenient formulation of thin lens theory was given by Wynne (1961) , with some discussion of its application. This also includes the two lowest orders of chromatic aberration (chromatic difference of position C1 and of magnification Cn) which must be considered, alongside Seidel's monochromatic aberrations in lens systems.
In this formulation a thin lens is characterized, not directly by its two radii, but by its power k (the reciprocal of its focal length) and its shape, i.e. by its departure from the equiconvex or equiconcave form. It then emerges that three of the relevant aberrations, C1, Cn and P, are independent of the shape factor. Therefore, in designing a system, a set of thin lenses of suitable powers and separations can be set up to correct these aberrations, and they remain corrected while the shape factors are used to correct SI' Sn and SIll'
For a thin lens, C1 and P are of the same sign as the power, being given by C1 =k/v, P =k/n, where v is the Abbe measure of dispersion, and n the refractive index. It follows that a system corrected for C1 must consist of both positive and negative powers. The sign of Cn depends on the position of the lens relative to the aperture stop of the system, as well as on its power. In practice this means that, for separated lenses, which are normally necessary for correction of other aberrations, the signs of the power must alternate as either + -+ or -+ -, so that a minimum of three separate lenses is required.
Such field correctors for use at prime focus, giving good correction over field angles of 40-arcmin diameter, came into general use in the late 1960s, first to correct the spherical aberration, coma and small astigmatism of a RicheyChretien prime mirror (Kitt Peak, Wynne 1968), and later for a Cassegrain telescope, e.g. the Hale 5-m and others (Wynne 1967) .
To minimize secondary spectrum errors, these correctors were made using the same type of glass throughout, so that the positive C1 of positive lenses was balanced by the negative C1 of negative lenses. Since the field corrector consists of separated lenses, this does not mean that the corrector is afocal, but in practice it means that it of low power and therefore incapable of providing the large negative P required for the correction of VLTs. A quite different optical system is needed for this, which will provide large negative P, without disturbing the correction of the telescope in other ways.
There is an optical component that has this property. A lens consisting of two concentric surfaces, centred on the image surface of the telescope, is free from SI and Sn and the two first-order chromatic aberrations, and introduces a negative P depending on the radii of the surfaces and the lens thickness which is the difference of the radii.
It also introduces a positive SIll which must be neutralized if the device is to be used as a field corrector. This can be done by introducing, in front of the monocentric lens, a lowpower negative lens of appropriate shape. To conserve chromatic correction this may be a cemented doublet using two glasses of differing dispersions.
The monocentric lens cannot be used simply as described above, since its surfaces centred on the image would give rise to narcissus ghost imaging where light from an image on the detector can be reflected back into the system, and then reflected at the normal incidence surface to form a ghost image on the detector. This can simply be avoided by a small axial displacement of the monocentric lens. This will throw the ghost image far enough out of focus to make it innocuous, without materially affecting the aberrations of the monocentric lens. Such monocentric lenses in different sizes . and proportions have found diverse applications in auxiliary instruments for conventional telescopes. Wynne (1993a) has described their application to a new form of atmo- spheric dispersion corrector, and Wynne (1993b,c) has described their application to field correctors for conventional telescopes, to adapt them for multi-object fibre-fed spectroscopy, giving telecentric illumination of fibres over a curved field, combined with tuneable atmospheric dispersion correction. A monocentric lens, of quite different proportions, can serve as the basis for a simple VLT field corrector correcting, over a flat field, the quite different aberrations, described above, from those of a conventional telescope. This could serve as a basis for a field corrector for a VLT. 
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angle, or very high resolving power, or very wide or unusual spectral range, may be the main requirement. There are also physical factors that limit what is possible. For example, some types of glasses or other optical materials are only available in small sizes, limiting the field size with their use.
The recent trend to use adaptive optics greatly to reduce the effect of atmospheric turbulence on telescope imagery, to the extent that is successful and available, will call for a corresponding improvement in telescope imagery. For example, the Gemini project is committed to achieving O.l-arcsec resolution (defined as 50 per cent energy within this diameter). It appears that the characteristics of atmospheric effects are such that this high resolution can only be achieved over a field size of about 1 arcmin, and under favourable conditions. For some astronomical tasks, a wider field may be required, and useful under conditions of poor seeing.
With these considerations in mind, in order to illustrate the potential performances of the new type of VLT corrector, an example has been chosen giving O.l-arcsec imagery (to the Gemini specification) over as wide a field as has at present proved possible (9-arcmin diameter), over the spectral range 852 to 365 nm, on an ESO/Gemini form of telescope.
In this example, in order to give more flexibility in design, both the front negative lens and the monocentric lens have been made as cemented doublets. Note that the corrector system has the effect of changing the focal ratio fromf/16.0 to f/16.9. Numerical data for this design are given in Table 1 , and a section drawing in Fig. 1 . The spot diagrams of Fig. 2 show the geometrical image spread on-axis and at obliquities of 2.88, 3.78 and 4.50 arcmin, at wavelengths of 486, 852 and 365 nm, deriving from a square array of 81 rays in the entrance pupil, extending to the full diameter of the aperture. The scale is given by the circle below, the diameter of which corresponds to 0.1 arcsec. For a detector not sensitive from 852 to 365 nm, a small change of focus would give reduced image spread over a narrower range of wavelengths.
